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Abstract 
The paper presents the results of experimental approach on chicken farms residues for energy generation. Based on 
complete thermal-physical-chemical characterization a series of waste to energy conversion chains are proposed as 
alternative to incineration disposal solution. The researched focused on combustibility properties quantification for 
the appropriate waste to energy chain identification. The experiments were carried out for elemental composition, 
primary analysis and calorimetric characteristic establishment. The important water content (up to 70%) makes 
impossible the energy recovery via direct combustion - steam turbine cycle. The research focused on new conversion 
processes as pyrolysis, enabling the use of gasification and Brayton or Otto-Diesel thermodynamic cycles. 
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1. Introduction 
Important amounts of poultry meat and noticeable quantities of organic residues such as feather, bone 
meal, blood, offal and so on of waste are generated by poultry processing industries. Chicken feathers, 
making up about 5 to 7% of the body weight of poultry, are a considerable waste product of the poultry 
industry, due to high specific volume, being produced about 4 million tons per year world-wide [1]. 
Disposal of waste feathers is a major concern for poultry industry and accumulation of this huge volume 
of the waste feathers results in environmental pollution and protein wastage. 
A higher quantity of pretreated feather is utilized to produce a digestible dietary protein feedstuff for 
poultry and livestock. However, to decrease the risk of disease transmission via feed and food chain 
legislation on the recovery of organic materials for animal feed is becoming tighter. Most feathers 
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generated in the industry are currently disposed of by incineration or land filled, which involves expenses 
and cause environmental problems. The current incineration has ecological disadvantages in terms of the 
apparent energy loss and the production of a large amount of carbon dioxide. Slaughterhouse wastes are 
in general considered as difficult substrates for anaerobic digestion because of their high protein and lipid 
content leading in production of some by-products such as unionized ammonia, floating scum and 
accumulated log chain fatty acids during anaerobic degradation, which are toxic and inhibitory to 
anaerobic microorganisms in high concentrations [2]. 
2. Experimental setup 
2.1. Installations 
For the thermal treatment (pyrolysis and combustion) of the material, two electric furnaces were used. 
The calcinations oven (Fig 1.a) type has the following components: carriage, precision balance, swing 
gates door and rated operating temperature of 1100°C. 
Temperature in the furnace is measured and adjusted with a long life thermocouple from NiCr – Ni, 
which can work in temperatures up to 1100°C. 
All operations of command and control are done in a microwave device command and control which 
allows programming the oven temperature variation in time on 5 ramps and 4 levels of temperature and 
can thus simultaneously set 4 different working temperatures, each one corresponding to a stationary time 
of the oven at that specific temperature; also it can be adjusted the heating times between two different 
temperatures.  
The second experimental facility consists in one tubular fix bed reactor (Fig. 1.b), external electrically 
heated for the discontinuous treatment. The reactor consists in an external heated tube within the inner 
diameter of 60 mm and 750 mm long. The active zone, heated one, is about 300 mm. The tube has two 
gas inlets for different experimental conditions: air, nitrogen or steam. The treated sample is introduced 
within a refractory steel tube. This device accepts quantities of about 30-100 grams for temperatures up to 
1100 °C. 
(a) Calcination oven (b) Tubular fix bed reactor 
Fig.1. Experimental devices: (a) calcination oven; (b) tubular fix bed reactor 
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2.2. Product 
Chicken feathers were obtained directly as a waste product from a poultry slaughterhouse. Raw 
feathers were not clean; blood and other slaughterhouse waste that raised the humidity up to 70% have 
soaked them. After drying in an oven for 24 h at temperature 105 ºC the samples were sliced into smaller 
pieces, and packed at normal room temperature (20–25 ºC). An elemental analyzer was used to establish 
the composition of the product. The EA 3000 Series analyzer uses the principle of dynamic flash 
combustion followed by gas chromatography separation of the resultant gaseous species (N2, CO2, H2O,
and SO2) and TCD detection. The product elemental composition is: C% - 60.6%, H – 8.5%, N – 8.7%, S 
– 4.8%, O – 13.3%, Cl – 2.6%, Cl – 2.6%, Ash – 1.5%. 
The good values of combustible fraction of samples are sufficient to lead to the fact that calorific value 
that will be determined by calorimetric measurement is very good – 26123 kJ/kg. The content of pollution 
sources form of Cl is low resulting in a combustion gas discharge with low emissions of Cl. The presence 
of sulphur (about 5% for feathers) is due to blood and organ presence, but the current SO2 retention 
installations can be used. 
3. Thermal degradation under non-oxidant atmosphere 
For the proximate analysis volatile content, fixed carbon and inert fraction the calcinations oven was 
used. For the determination of volatile content, the dried sample (chicken feathers) has undergone high 
temperature pyrolysis process. 
The temperature was set at 800°C and the crucible with material previously graded, stayed in the oven 
for 40 minutes. The samples obtained in the first stage are subjected to a combustion process in order to 
determinate the fixed carbon content of the combustible materials, respectively the one of inert (non-
combustible). 
This process took place at a temperature of 1000°C, for about 20 minutes. The volatile content was 
about 92%, fixed carbon 6.5% and inert fraction of about 1.5%. The volatile high values suggest that the 
ignition of the sample analyzed is very good; that decreases the excess oxygen demand for the burning 
process. This thermal-physical characteristic leaded to the assumption that two-stage treatment process 
can be used for energy conversion chain: pyrolysis as pre-treatment phase followed by combustion or 
gasification of generated products (gas, tar and char) [3]. 
3.1. Sample mass reduction rate 
For the quantification of pre-treatment efficiency with respect to the waste quantitative conversion we 
used the mass reduction rate criteria. This parameter served us to compare the treatment efficiency at 
different temperatures (low and medium level) as function of residential time. 
The experiments for the mass reduction rate were performed in the laboratory tubular reactor at 450ºC, 
500ºC and 550ºC under pyrolysis conditions (N2 atmosphere). 
Fig. 2 shows the sample mass fraction experimental variations versus residence time for different 
constant temperatures. Zone I corresponds to volatile liberation period with high mass reduction rate. 
Zone II represents the char stabilization period. 
The temperature accelerates the mass reduction but for an infinite treatment period the difference 
between the non-oxidant variation curves reduces. At 550°C, the process is almost finished after 8-9 
minutes. We also notice that even if the 500°C level is situated in the middle of the temperature range 
450°C - 550°C the variation curve follows closely the higher temperature shape. This can be explained by 
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breaking the solid matrix links above 500ºC. Therefore we expect the pyrolysis char obtained at superior 
temperatures to be similar to the one obtained at 550°C [4]. 
Fig. 2. The sample degradation during pyrolysis (450°C – 550°C) for different residential time and mass variation speed correlation
The results highlight the influence of temperature and residence time on thermal degradation. For low 
temperature pyrolysis, the 10 minutes treatment period is not sufficient for complete volatile fraction 
liberation. At this temperature the carbon from solid matrix of the sample can not break the links and 
combine with hydrogen and oxygen for gas phase conversion [5]. At 500ºC the pyrolysis processes is 
initiated after 3 minutes and continues for about 7 minutes till complete char formation. The pyrolysis at 
550ºC is similar to 500ºC with respect to volatile fraction liberation, even if the process starts in 2 
minutes approximately. The high temperature pyrolysis increases the breaking of C-C links with direct 
effect on char fraction that decreases from 15% to approximately 11%. As we expected liberated gases: 
H2, CO and CH4 increase their content at higher temperature having a faster variation within the first 2 
minutes, but CO2 quantity is quasi constant depending only on the O2 concentration as we operate under 
auto-pyrolysis conditions (due to O2 presence in raw product) [6]. 
3.2. Activation energy 
Starting from the combustible mass fraction variation and using a first-degree kinetics function we can 
calculate the activation pyrolysis activation energy Ea for our product. The computation is based on the 
presumption that the total combustible fraction is composed of fixed carbon and volatiles substances (the 
inert fraction is a constant). 
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Where: m(ts) – the combustible mass fraction content after the residence time ts; mc – the fixed carbon 
content; the m0 – the initial combustible mass fraction; k – the speed variation coefficient. 
The pyrolysis variation curves at 500°C and 550°C provide two variation functions in k1, k2 speed 
coefficients and the same activation energy Ea, equation (3). 
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From the equation (3) and the similar equation for k2 ratio results the Ea expression as a function of 
treatment temperatures T1 and T2, equation (4). The obtained value is a product characteristic and can be 
verified in the third curve variation function for pyrolysis at 450°C for example. 
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The speed variation coefficients are k1 = 0.0072 at 500°C and k2 = 0.0086 at 550°C. The pyrolysis 
activation energy value is Ea=30.2 kJ/mol. 
The pyrolysis by-products consisting in char, tar and pyrolysis gas were investigated in order to 
establish their distribution and LHV within these products as function of treatment temperature. Due to 
similarity of mass variation rate for thermal treatment at temperatures in range of 450ºC – 550ºC we 
considered the lowest temperature suitable for industrial application. The pyrolysis by-products 
distribution for 450ºC is: char – 19%; tar – 30.5%; gas – 50.5%. The LHV of by-products are: char – 
26638 kJ/kg; tar – 23251 kJ/kg; gas – 6623 kJ/kg. It expects that tar LVH increases with process 
temperature due to carbon conversion from solid to condensable hydrocarbons [7]. Chlorine is present in 
tar at low temperatures and migrates to liquid and gaseous phase at medium temperature [8].  
4. Process energy balance 
To estimate the energy consumption for pyrolysis stage the drying and devolatilization sequences were 
calculated based on experimental data. A series of simplifying assumptions were made with respect to 
equipments efficiencies. The calculations are theoretical for an overall perspective on product energetic 
valorization. 
4.1. Drying sequence 
The heat required for the complete water vaporization is given by the equation below, where Ts
represents the inlet fuel temperature and Tf the temperature at the and of the drying stage: 
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where: fuelrawm  – mass of raw product [kg]; humidityw  – water content [%]; vO – vaporization heat [kJ/kg]; c
– specific heat [kJ/kgK-1]. 
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It was assumed that water vaporization is practically completed in the range 160-190°C even if for 
product organic compounds above 105ºC the liberation of volatiles occurs but at low rate. 
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where: dryfuelm  - mass of dried product [kg]; dryfuelpc _ - specific heat of dried product [kJ/kgK
-1]. 
The heat absorbed by the raw surface fuel to reach the 190°C is: 
vapdryfueldrying QQQ          (7) 
4.2. Devolatilization sequence 
The heat required for 1 kg of fuel to liberate the complete amount of volatiles is given by: 
)(**)(***)1(* __ fpyrinertpinertfpyrcarbonepcarbonahumikdityfuelrawpyr TTcmTTcmEwmQ  (8)
where: aE -  activation energy [kJ/kg]; carbonm - mass of fixed carbon in the char [kg]; inertm - mass of inert 
fraction in the char [kg]; pyrT  - pyrolysis temperature [K]; fT  - drying stage temperature [K]. 
Where Ea represents the activation energy for the pyrolysis process and is function of fuel type and 
heating rate (technology). 
Based on input and experimental data the energy balance for 1kg/s input flow was calculated when 
submitted to pyrolysis pre-treatment stage. To simplify the approach the drying and devolatilization 
sequences were analysed separately. The results are presented in Fig. 3. 
Fig. 3. Energy balance of product pre-treatment stage. Humidity 70% 
The results were obtained for 1 kg of product with 70% humidity as it is generated by the 
slaughterhouses. The product LHV is computed based on elemental composition. The direct experimental 
determination is impossible due to high water content. Consequently, even if the LHV value qualifies this 
product for energy conversion, the combustion can not be initiated. This is the main reason that leaded to 
alternative energy conversion process with non-oxidant pre-treatment. After the product drying the 
product LHV reach the top value of about 26123kJ/kg but the sample mass decreases to 0.3 kg. 
Submitting the sample to low temperature pyrolysis with external heat source (the entire mass is 
pyrolysed – no fraction is combusted for heat generation) the product is converted to gas and char. 
Decreasing the pyrolysis gas temperature to ambient one the heavy hydrocarbons are condensed to liquid 
fraction – tar. Pyrolysis by-products distribution is: gas (H2, CO, CO2, CH4, light hydrocarbons) – 50.5%; 
tar (heavy hydrocarbons, H2O) – 30%; char (fixed carbon, inert) – 19.5. The LHV of by-products were 
1kg/s 
7082 kJ/kg 
0.300 kg/s 
26000 kJ/kg 
Qdrying = 2189.5 kW Qpyrolisis = 695.9 kW 
Gas – 50.5% 0.1515 kg/s
6623 kJ/kg 
Tar – 30% 0.0915 kg/s
23251 kJ/kg 
Char – 19.5% 0.0585 kg/s
26638 kJ/kg 
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established experimentally. The input energy for drying and volatile release stages were calculated based 
on equations above and experimental data (activation energy for example). The major energy 
consumption is required by the drying stage due to high water content. If the product humidity decreases, 
the energy balance of this two stages shifts to pyrolysis one. The water content decreases and 
consequently the product require higher energy for breaking the solid matrix links. The overall energy 
balance variation with humidity content is represented in the fig. 4. 
Fig. 4. Estimated energy potential of pyrolysis derived fuels 
The net thermal power represents the power to be generated by the complete burning of pyrolysis 
products taking into consideration the energy consumption for the pre-treatment stage. Analyzing the 
result we may notice that the slightest variation of water content involves a major modification of net 
thermal power. Therefore it could by interesting to submit the product to mechanical drying first in order 
to decrease its humidity and then to apply the pyrolysis stage. The 30% water content is a limit that could 
be reached easily by mechanical drying. Using the common combustion – steam turbine cycle the net 
electric output in fig. 4 can be generated. The thermodynamic cycle efficiencies correspond to technical 
literature values and they were adjusted with a scale factor depending on power unit capacity. A 
maximum of 2.3 MWel can be obtained for about 80 t/day of raw product. The major energy loss with 
water vapors can be recovered by replacing the combustion stage with steam gasification. Experiments 
carried out on MSW proved the efficiency of this combination for products with high humidity. The water 
vapors can be injected into the gasification stage. The syngas hydrogen content can be maximized with 
direct effect on its LHV [4]. Nevertheless due to strong endothermic characteristic of this process and the 
minimum temperature of 850qC required for reactions initiation the overall energy balance is not 
significant changed. Undeniable advantages of gasification processing when combined with gas turbines 
or thermal engines cycles reside on small scale power units, modularity, inexistence of dioxins, good 
partial load energy efficiency compared to steam turbines cycles.  
5. Conclusions 
The researched focused on combustibility properties quantification for the appropriate waste to energy 
chain identification. The experiments were carried out for elemental composition, primary analysis and 
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calorimetric characteristic establishment. Chicken feathers were obtained directly as a waste product from 
a poultry slaughterhouse. For the quantification of treatment efficiency with respect to the waste 
quantitative conversion we used the mass reduction rate criteria. This parameter served us to compare the 
treatment efficiency at different temperatures as function of the residential time. 
The experiments for the mass reduction rate were performed in the laboratory tubular reactor at 450ºC, 
500ºC and 550ºC under pyrolysis conditions. The temperature accelerates the mass reduction but for an 
infinite treatment period the difference between the non-oxidant variation curves reduces. At 550°C, the 
process is almost finished after 8-9 minutes. 
Starting from the combustible mass fraction variation and using a first-degree kinetics function the 
product activation energy under pyrolysis conditions was calculated. The Arhenius speed variation 
coefficients are k1 = 0.0072 at 500°C and k2 = 0.0086 at 550°C. The pyrolysis activation energy value is 
Ea=30.2 kJ/mol. 
To estimate the energy consumption for pyrolysis stage the drying and devolatilization sequences were 
calculated based on experimental data. 
Analysing the result we noticed that the slightest variation of water content involves a major 
modification of net thermal power. Therefore it could by interesting to submit the product to mechanical 
drying first in order to decrease its humidity to 30% and then to apply the pyrolysis stage. 
The results of the current study highlighted the importance of fuel thermal-physical characteristics and 
the opportunity of using this type of solid waste as renewable fuel for power generation. 
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